Introduction
The interest in flow pattern optimizations in continuous casting mold is growing as the requirements for quality and productivity become stricter. Recently, it has been proposed by Yokoya et al. that the formation of swirling flow in submerged entry nozzles is effective for controlling the flow pattern in the mold. [1] [2] [3] [4] In such a background, we started a joint study in 1997 with Nippon Institute of Technology, Osaka University and Kyushu Refractories to develop a swirling flow submerged entry nozzle as a root measure to improve flow pattern in molds.
As a first step of the development, the basic effect of the single port swirling flow submerged entry nozzle for the round billet casting was confirmed in this study. The single port submerged entry nozzle forms a strong downward flow in the mold, which makes flotation of inclusions and bubbles difficult and makes segregations in the billet severe. A purpose of this study is to clarify the condition that the swirling flow in the submerged entry nozzle generates upward flow along the mold wall as an effect of centrifugal force. This renovation of the flow pattern in the mold will improve the surface and internal quality of the cast round billet.
Experimental Conditions
Before applying the swirling flow submerged entry nozzle for steel casting, the effect of the swirling flow was confirmed by wood metal experiment. Figure 1 shows a schematic diagram of experimental apparatus. The apparatus made of stainless steel and Pyrex glass was composed of an submerged entry nozzle, meniscus level sensor, meniscus level control tank, and a dump tank. Ten thermocouples were set up in the mold and the piping to control the wood metal temperature to 383 K with a heater wrapped around piping. An electromagnetic pump was applied for the wood metal circulation, and the circulation flow rate was measured with an electromagnetic flow meter. Electromagnetic stirring coils set up in the mold outer, which are composed of 16 magnetic poles and driven in 60 Hz AC power supply. Table 1 shows conditions of the wood metal experiment.
5) The size was a Froude number approximation model of the f225 mold of the round billet caster in Wakayama Works. Flow rate of wood metal in the mold was measured by a vives type electro-magnetic flow meter as shown in Fig. 2 . Table 2 and Fig. 3 show properties of the swirling flow submerged entry nozzle for the wood metal experiment. The swirling flow in the submerged entry nozzle was generated by a rotating impeller. The swirling flow formation in the submerged entry nozzle has been proposed by Yokoya et al. as a fundamental and effective technology for controlling the flow pattern in the mold. [1] [2] [3] [4] We started a joint study in 1997 with Nippon Institute of Technology, Osaka University and Kyushu Refractories to develop a swirling flow submerged entry nozzle as a root measure to improve flow pattern in molds.
As a first step of the development, the basic effect of the swirling flow in the single port submerged entry nozzle for the round billet casting was confirmed by a wood metal experiment, which forms upward flow along the mold wall caused by centrifugal force. As a result, we achieved conclusions as follows;
(1) The basic effect of the single port swirling flow submerged entry nozzle appears in the case that Swirl number in the nozzle S W ϭ0.3 or more, which forms upward flow along the mold wall.
(2) In the case that the swirling flow in the submerged entry nozzle and the M-EMS (Electromagnetic stirring in mold) were combined in the opposite direction of rotations by appropriate balance of intensity, the upward flow along the mold wall in the same level as the case without M-EMS was formed. It means that the outlet flow from the swirling flow submerged entry nozzle limited at the upper portion of the mold and the rotation flow formed by the M-EMS at the lower portion of the mold were separated clearly with less interaction.
the maximum. Maximum flow rate to the rotational direction just above the impeller was 1.13 m/s at the maximum impeller rotation speed. Table 2 . Swirling flow nozzle properties for wood-metal experiment. peller rotation in the nozzle forms rotation flow at the limited area near the meniscus, and the max. V q was less than 10 cm/s. Figure 5 shows points where the flow velocity in Figs. 6 to 11 was measured in the mold. We measured upward flow velocity V u and rotating flow velocity V q at each point to evaluate that the extended flow from the nozzle outlet caused by the centrifugal force forms an upward flow along the mold wall. Figures 6 and 7 show results without the M-EMS. As shown in Figs. 6 mold without any electro-magnetic devices. Detailed inspection in Fig. 6 shows that the upward flow velocity V u rises from 5 s Ϫ1 of the impeller rotation rate. Figures 8 and 9 show V u and V q respectively with the conditions of the swirling flow in the same rotational direction of M-EMS (namely, R.R. condition). It was clear that the impeller rotation rate has no influences on V u and V q . Therefore, the swirling flow submerged entry nozzle has few effects to change flow pattern in the mold under the R.R. condition.
Results
Figures 10 and 11 show V u and V q respectively with the M-EMS and the swirling flow combination in the opposite direction of rotations (namely, I.R. condition). In this case, V u and V q were similar to those in the R.R. condition when the impeller rotation rate was relatively low. However, V u and V q became similar results without the M-EMS along with increasing of the impeller rotation rate. Accordingly, under the I.R. condition, the effect of the swirling flow submerged entry nozzle is concluded to the same level in the case without the M-EMS, if the swirling flow in the nozzle is stronger than a certain critical value relating to the M-EMS intensity. Figure 12 shows combination influence of the M-EMS and the swirling flow in the submerged entry nozzle on rotating flow rate V q measured along a vertical line 5mm from the mold wall. In the case of R.R. condition (bigger open squares and triangles), V q distributions were almost the same as solid circles distribution; V q distribution only by the M-EMS. This result shows that the swirling flow generated by the nozzle was assimilated into the rotation flow formed by the M-EMS. On the other hand, in the case of the I.R. condition (solid squares and solid triangles), V q distributions beneath 0-100 mm from the meniscus were similar to those of smaller open squares and triangles; V q distributions only by the swirling flow in the nozzle. And V q distributions (solid squares and solid triangles) at the lower portion in the mold were similar to the solid circles distribution; V q distribution only by the M-EMS. These phenomena show that the outlet flow from the swirling flow submerged entry nozzle limited in 0-100 mm below the meniscus and the rotation flow formed by the M-EMS at the lower portion of the mold are separated clearly with less interactions.
As described above, in the case of the M-EMS and the swirling flow submerged entry nozzle combination, influence of the M-EMS to the rotation flow formation in the mold is larger than that of the swirling flow in the nozzle. So, in the R.R. condition or in the I.R. condition with weak swirling flow in the nozzle, the effect of the swirling flow submerged entry nozzle to form the upward flow near the mold wall is lost, because the outlet flow from the nozzle was thought to be assimilated into the strong rotation flow formed by the M-EMS. Besides, in the I.R. condition with strong swirling flow in the nozzle, the upward flow is formed in the same level as the case without M-EMS, because the outlet flow from the swirling flow submerged entry nozzle limited at the upper portion of the mold and the rotation flow formed by the M-EMS at the lower portion of the mold are separated clearly with less interactions.
These results have a close agreement with a numerical study result. 6) 
Discussion
The swirling flow rate in the nozzle is estimated as follows. The rotational flow rate distributions in the nozzle are assumed as shown in Fig. 13 . Equation (1) shows the distribution of the rotational flow rate V q in the nozzle. The rotational flow rate V q is given as a linear function of radius, and the rotation axes of the impeller is assumed to have no influence on the rotational flow rate distribution. Then, the measured maximum flow rate at the maximum impeller rotation rate at the area I; 1.13 m/s is substituted into V q1 in Eq. (1). I M a (I) and I M a (B) shall be equal because of the law of the angular momentum conservation. So, V q1 at the area B in the maximum impeller rotation rate is obtained to be 1.33 m/s. Axial velocity at area B is obtained from the flow rate in the nozzle as shown in Table 1 and the cross section of the area B. Swirl number S W 2) in the nozzle can be estimated from V q and the axial velocity as shown in Eqs. (6) These results of flow rate calculations are summarized in Table 3 . Swirl number of the swirling flow in the area B of the nozzle was estimated to be 0.87 at the maximum impeller rotation rate.
Assuming that rotational flow rate in the main body of the nozzle; V q2 is formed as a linear function of the impeller rotation rate, the impeller rotation rate in Figs. 6 and 14. Figure 14 shows the influences of S W on the upward flow formation along the mold wall.
In the case without the M-EMS, minimum Swirl number for the formation of upward flow along the mold wall is about 0.3. In the case with the M-EMS in the I.R. condition, minimum Swirl number for the formation of the upward flow increases up to 0.5 in this case. It is considered that the increment of the minimum Swirl number for the upward flow formation in the mold is influenced by the M-EMS intensity. A design policy of swirling flow submerged entry nozzle for Round billet casting obtained from discussions above is to secure the minimum Swirl number 0.3 or more.
Here, a meaning of the minimum Swirl number 0.3 is discussed. As shown in Table 3 , the Swirl number is calculated by Eq. (8). When the Swirl number is 0.3, it can be estimated that V q1 and V u are roughly equivalent. In this case, if assuming V u is uniform in the cross section, the rotational flow velocity V q1 near the inner wall and the axial flow velocity V u ave. are going to make outlet flow angle of downward 45°as shown in Fig. 15 . Thus, it is presumed that the outlet flow angle of downward 45°or less at the edge of the single port is required to form upward flow in the mold. This angle will be decided according to whether the outlet flow leaves from the R shaped port wall and the upward flow pattern formation in the mold. That is, both of the outlet flow along the R shaped port wall and the flow pattern formation reversed up near the mold wall are considered to be necessary for making stable upward flow in the mold. 
